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Figure Captions

I The tensile and creep specimen.

2. The shape of the powders (SEM) (a)(b)(c.) and (d) are alloys 1,2,3 and 4

:espe- tvly' , (e) The irtnacL 3f a mo'.ter drop on particle.

3. Hardness vs. soaking time at 231-C.

4. Hardness vs. soaking time at 400'C.

5. Hardness vs. soaking time at 482'C.

6, X-ray diffraction - as extruded,

7- X-ray diffraction - 100 hours at 482-C.

8. Al.-Fe-Cr, 425-C isotherm.

9, X-ray diffraction relative intensities - as extruded

10. X-ray diffraction relative intensities - 100 hours at 482'C.

i1. lransvrerse (a c e g) and longitudinal (b d f h) cross sections of

alloys 1, 2, 3 and 4 respectively, As extruded, optical microscopy x 600

12. Large precipitates at grain boundaries (a b c d) alloys 4, 2, 3, 3

respectively. (e, f) - areas free of precipitates alloys 3 and 4

respectively,

13, Various shapes and sizes of precipitates, a, b and c alloys 2, 3 and 1

respectively. (d) (e) - homogeneous distribution of small needle-like

precipitates at grain boundaries and in the grains (alloys 1 and 2,

as exrruded,respe,:tively). (f) - globular precipitates at grain boundaries

and needle like in the grains (alloy 1 as extruded).

14 (a),(b) equiaxed grains, alloy 1 as extruded

(c.),(d) diffraction pattern and its analysis (zone axis [1111).

(.) Thirkness fringes taken in two beam conditions analyzed ag g--[220].

15, Superimposed stereographic projections of the precipitate AL 6Fe in the6r
aluminim matrix.

16. (a),(b) Needle-like precipitates, alloys 3, lOh at 482,C.

(-),(d) B.F and D.F.. images of large needle-like precilitate

(e),(f) SAD and it analysis identifies precipitate at (L) and (d) as Al 3Fe.
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17. (a),(b) Inhomogeneous distribution of precipitates into groups

according to shape and size. Alloys 2 and 3 respectively, 100 hours at

482 C.

(c),(d) Large spheroidal Al6Fe precipitates at grain boundaries.

(e) depleted zone, alloy 2, 100h, 482'C

(f) Equiaxed grains, alloy 1, 100 h, 482'C.

18, (a) Precipitates distribution, alloy 1, 100 h, 482'C.

(b) SAD from a coarse needle-like e Al3Fe precipitates, streaks and

satellites appear in the pattern.

(c) The diffracting precipitate (marked A).

(d) STEM image (B.F.) of precipitates (Note groups A, £, C)

(e) X-ray mapping of iron (Fe), concentrated at the precipitates

(Note concentration at points A, B, C in (e)).

(f) X-ray mapping of chromium (Cr.).

19. Stress-strain cur-es of alloy 1.

20. Stress strain curves of alloy 2.

21, Stress strain curves of alloy 3.

22, Steady st:ate creep rate vs. creep strain of the three alloys at 222'C.

23. Steady state creep rate vs. creep strain of the three alloys at 338'C.

Al The pressure cell,

A2 Solidifization in one powder particle starts at the interior near

the center. (TEM, Alloy 2, as received),.

A3 Nucleation centers near the surface of the particle. Large cells

indicate slow propagation of solidification front.

A4 SAD from a particle. The rings diffract from the cell boundaries.

A5 Dark field image taken from a section of the diffracting ring.

A6 X-ray image of iron (Fc) shows concentration of this element on the

cell boundaries.



Abstract

Four aluminum alloys, designed for use at elevated temperatures,

supersaturated with iron, chromium and other elements: Ti, V, Zr, were studied.

The starting materials were alloy powders made by the RSR (Rapid Solidification

Rate) centrifugal atomization process (l06 [ [-]) developed by Pratt and
sec

Whitney Aircraft and extrusion bars were made from the four powders. The

as extruded microstructure and the microstructure of the annealed alloys at

482 C (900'F) were investigated by optical and transmission electron microscopy,

and by X-ray diffraction. The microstructure included equiaxed grains of

aluminum matrix and two types of precipitates, namely: O-Al3 (Fe,Cr), and

AI (Fe,Cr)-- which is a metastable phase. The precipitates were different in

their shape, size, distribution and location within the grains, The thermal

tabilitv of the four alloys was investigated by hardness measurements, following

annealing at various temperatures: 230 C (450'F), 400'C (750-F), 482'C (900'F)

(l-;l00 soaking hours at each temperature). The alloy structures were found

to be stable up to 400 C (750F), Tensile properties of the alloys were

investigated at room temperature, 232'C (450 F) and 332-C (630'F).

1. Introduction

The improved strength at elevated temperatures has been a goal in

aluminum alloy development for a long time [1]. A microstructure containing

a dispersion of an insoluble constituent in the alloy is the most useful for

attaining high strength and good structural stability at elevated temperatures [2].

In the last 35 years hardened aluminum alloys have been extensively used at

the air,.ralt industry in the U.S. [i], thanks to their relatively low price

and their high specific strength at ambient temperatures. The thermal

stahill.'y ot high strength aluminum alloys in use today is rather poor. The

strength dt-reases rapidly with increasing temperature and with increasing

I,
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soaking time at temperatures above (170 '180°C), and thus the supersonic

aircraft industry (2.7- 3.3 mach) had to replace aluminum alloys with more

exotic and expensive materisls, namely titanium alloys, to achieve good

performance of parts and structures designed to be exposed to elevated

temperatures. The use of thermally stable aluminum alloys with increased

strength at elevated temperatures is expected to perform properly at

elevated temperatures with the advantage of lower cost and lower components

weight.

The powder atomization technology development at the ALCOA laboratories

in U.S. [1], [21 and the splat-cooling technology development is expected

to push aluminum alloys performance to limits previously unknown.

In various research projects transition metal alloying additives were

used. These elements have [2]:

1. High solubility in molten aluminum.

2o Low solid-solubility in aluminum.

3. A low diffusion rate in aluminum.

4. A high solidus temperature and a low liquidus temperature.

5. A tendency to form stable precipitates at elevated temperature.

These qualities are needed in order to retain the structural stability of

the alloy at service temperatures by the internal introduction of hard and

stable fine dispersion of intermetallic compounds. A high degree of
(i5 [ec

supersaturation can be achieved by rapid solidification (1O (-C) of suchsec

alloys. Sequent operations following compaction and fabrication enables

controlled precipitation in solid state of the intermetallic phases, which

attain high strength and good structural stability at elevated temperatures [2].

Iron and chromium, among other elements, meet the requirements listed

anove and, furthermore, when combined with aluminum they form intermetallic
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ompounds of fairly low density. This, appreciable amounts of alloying

elements may be added without a prohibitive increase in the density of the

final product (2]. Precipitation processes and some of the mechanical

properties of certain aluminum alloys containing mainly, Ti, Zr, Mn, Cr, Ni,

V, Fe were investigated in the past [2], [3], [4], [5], [6], [7]. The main

encouraging results were high yield and tensile strengths and the retention

of strength after exposure to relatively high temperatures.

The goal of this work was to investigate systematically four aluminum

alloys, supersaturated with iron and chromium and with other elements (Ti, V, Zr).

fhe compositions of the four alloys are (in weight percentage):

. A1-7Fe-.O Cr-0.2 (V,Ti,Zr)

2, Ai-7Fe-l.O Cr

3. AI-7Fe-0.5 Cr

4. AI-7Fe-l.5 Cr

Powders of the four alloys were generated by the RSR (Rapid Solidification

Rate) centrifugal atomization process (i0 6 [-), developed by Pratt and
sec

Whitney Aircraft. Extrusion bars were made from the four powders. The extrusions

(and -he powders) were supplied by the U.S. Air-Force (AFWAL MLLS WPAFB).

The study was aimed at:

t Characterization of the four powders by Scanning-Electron Microscopy (SEM).

2, Stdy of the thermal stability of the alloys at the temperature range:

232-482"C (450-900'F).

3, Study of the tensile properties of the alloys at room temperature and at

elevated temperatures: 232°C (450'F), 332°C (650'F).

4. Identificationi of the phases present in the extrusion bars by X-ray

diffraction and by electron-diffraction.
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5 Microstructural investigation by optical and transmission electron

mi, rosL:opy (TEM) and STEM of extruded specimens of the four alloys

in as-extruded condition and following annealing for 100 hours at I
482-C (900'F).

2. Experimental Procedures

2.1 Material preparation

2.1.1. Splat-cooling and powder production

The four supersaturated aluminum alloy powders were generated by the

RSR (Rapid Solidification Rate) centrifugal atomization process, developed by

Pratt and Whitney Aircraft. In this technique a vacuum induction melt is

poured through a small nozzle onto a rapidly rotating disc, the alloy is

fragmented and ejected at speeds of 40-100 [m/sec] and then atomized and

rapidly quenched by high velocity helium jets. (Solidification rate:

t0 :0 [-c) [8]. A quantity of about I kg was prepared from each alloy.
sec

2.1.2. Compaction and extrusion

The four powders were extruded at the U.S. Air-Force Materials

laborJLories AFML/MLLM by the following steps: (a) compaction: The

powders were partially consolidated hydrostatically in a rubber bladder to

a .vlinder which size matched the dimensions of a can (made of Al-6061 alloy)*.

(b) degassing: The compacted cylinders were inserted into cans which were

then sealed except for an evacuation tube opening. The cans were evacudced

and hEated to 482°C (900'F) for degassing. The degassing temperature was

designed t7 reach the highest expected extrusion temperature in order to

eliminate hydrogen blistering in the final extrusion product. The degassing

During this process one of the bladders tore off and the powder
AI- 7 Fe-I 5 Cr was contaminated with oil. Nevertheless, this powder was

c4-uuded lateron like the other powders.
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pro( ended when no signs of gas were observed on the pressure gauge

(about five hours). The tubes were then sealed and the cans were ready

for extrusion. (c) extrusion: Extrusion of the billets were made at

a ratio of 39.3 to 1. The die was preheated to 500'F and the billet to

400° C (750 F) in an air-furnace for about two hours. During the extrusion

plocess the temperature of the extrusion was expected to reach 482°C (900'F).

lhe extruded bars had a length of about 150" and were 1/2" in diameter.

Specimens for thermal treatments, hardness-tests, optical and

electron microscopy and X-ray diffraction were taken from the central part

o each extrusion bar.

2.2 Determination of the microstructure

22.1. Phase Identification by X-ray diffraction

X-ray diffraction was used to identify phases which are present in

the four extrusion bars, at the as extruded condition and after annealing

for 100 hours at 482'C (900'F). The diffraction was carried out in a

P'hillips vertical diffractometer using CuKa radiation and a monochromator.

Powder specimens were made from the central part of each extrusion

iar to avoid texture effect on the diffraction peak intensities. Other powders

were made from heat treated bars. The heat treatment was carried out in

sealed stainless steel bags, in an air furnace. These heat treated bars

were also studied later on by optical and transmission electron microscopy.

2.2.2, Optical Metallography and Electron Microscopy

Vertical and longitudinal metallographic specimens were prepared

from the central part of each extrusion bar, at the as-extruded condition

and ifter annealing at 482'C (900'F) for 100 hours in an air-furnace. The

same specimens were also studied by transmission electron microscopy.
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lransmi!-sion-c le(t ron microscopy was carried out in a Jeol 100-13

TEM i:d in aJeol 100-('-X STEM with an accelerating voltage of 100 kV.

An X-rax mapping was done for the elements: Iron and Chromium in a TEN

r pu_ im~n, 1~cmapping was carried out by an energy dispersive system (EDS)

ttL-hed to the STEM unit. Thle EDS system is of the type Elscint Proxan III,

with a solid-state Si(Li) X-ray detector. TEN specimens, 3 mm in diameter

s'r-prepared in a two stage elec-tropolishing process:

(a) Stage I : This polishing and pre-thinning stage is done in a jet apparatus

builti for the project. The electrolyte found best for electropolishing the

,pecit en s is: 9 0 m H O 
e h n l a s3

50 ml - lIC10 4  - perchioric acid

15 ml - HNO 3 - nitric acid

Condtion ofthe electropolishing process are as flos

Jet diameter - 1.5 m

D.C. v.-lrage - 100 volts,

room temperature.

Iibtan..e between cathode (austenitic stainless steel) and specimen -6 mm.

Ihe disc is mounted on a stainless steel grid and a minimum jet stream

without breaking into drops is used (gravitational flow). Bpth sides are

thus elec-tropolished inta period of about 30 seconds.

When lfe Lhi-kness at. the (-enter of the concaved disc reaches 50P the

procets LS stopped ind the specimen is subjected to the second electro-

po I-,hi ing stige.
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(b) Stag £1 : EiLCtropoltshing is done using the same electrolyte as in

Stage I and the window technique is used. Other conditions are as follows:

Current density - 0.15 A/cm-

I)C. voltage - 10:i5 volts

lemperature - -40"C or less

Cathode - austenitic stainless steel

Cooling liquid - water + methanol (Tech) 10%.

This stage is carried out slowly to ensure proper inspection of the first

stage ot performation and even polishing of both surfaces of the disc.

Guod thin foils for TEM study are obtained after 15 30 min.

2.3 Determination of Mechanical Properties

2.3.1. Thermal stability measurements (hardness measurements).

Specimens for thermal treatments were sliced from the central part

,t each extrusion bar, and the aluminum shell around the bar removed. The

purpose of the thermal treatments was to study the thermal stability of the

Allov at elevated temperatures : 232'C (450 F', 400'C (750'C), 482°C (900'F).

(I,',30,[00 soaking hours at each telnperature)o The specimens were inserted

inic stainless steel bags to eliminate oxidation, and thermal treatments

we[,o carried out in an air furnace. Temperature measurements were made

using hrome1-Alumel thermozouple.

Fhe specimens were pre-heated to the various temperatures the

indicated time periods and then air-cooled. Rockwell hardness measurements

were carried out on each specimen as well as on preheated specimens of the

four alloys.
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2.3.2 rtnsilc Iests

Tensile tests on specimens made of the extrusion bars were carried

out in an Instron testing machine. The cross head velocity used was

0.5 mm/min and alloys number 1, 2 and 3 were tested.*

i'i, shape of the 'en.-,ile specim.!n is given in Fig.l.

Test temperatures used were:

a) 25 C

b) 2-32'C (450'F)

c) 332'C (630'F)

2.3.3. Creep Tests

Specimens of the alloys 1, 2 and 3 which shape was identical to the

tensile test specimens were tested in creep at the temperatures 222°C and

338 C (432 and 640"F). Each specimen was tested until a steady state creep

rate (ssl ) was achieved. After a few hours in this rate, the stress on

the specimen was increased and a second steady state creep rate was obtained

The specimen was then tested until final failure.

3. Results

3.1. Shape of powders

The shape of the four powders as observed by scanning electron micros-

copy is given in Fig.2 (a - d). The majority of the particles, irrespective

of size, have a distinctly rounded and frequently near perfect spheroidal

shape A small proportion of the particles have a lengthened shape and

flake-Like morphology. Particle size varied in the range : 10:100 [1m) ni'd

Alloy # 4 that was contaminated during the compaction stage was not

tested.
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-c'n' p,,rticl aggregation can be observed. .nother phenomenon, shown in

Fig. 2e is a collision involving a moleten droplet onto a previously

solidified cold particle. This phenomenon has been demonstrated and

discussed in the past [9).

3.2. Hardness data for the evaluation of thermal stability.

The room temperature hardness measurements of the four alloys as

function of soaking time at v-rious temperatures are given in Figs. 3,

11 and 5. The temperature uses were: 231'C, 400'C and 482°C (450, 750

and 900 degrees F, respectively). At the soaking temperature of 231'C

ig. • ) the hardness values of the four alloys are unchanged up to an

annealing time of 100 hours. This indicates a rather high degree of

thrmal stability. The hardest alloy is number I followed by 4, 2 and 3 in

decreasing order. This order is retained through all the soaking temperature

and times. The thermal stability is maintained for 100 hours at the

soaking temperature of 400'C as well (Fig. 4 ), however at 482°C there is

a sharp decrease in hardness :ifter few hours, depending on the alloy

(alloy I being still. the best) This decrease is typically 20 per cent in

100 hours (except for alloy # 2, for unexplained reasons)(Fig. 5).

3.3. X-ray diffraction

Phases identification in the four alloys was done by X-ray

diffraitomerry. The analysis was done in the as-extruded condition and

att't :iinealing for 100 hours at 482'C (900'F). The diffraction intensity

r, sult> ,rt, produced in Figs: 6 (as extruded) and (after annealing).

Th plaies which were identified in the four alloys in the as-

Lxtroded , ondtt ion as well as after annealing are:
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1. Aluminum matrix

2. A16Fe

3. Al3Fe

The last. two phases contain probably chromium in solid solution, since no

chromium-base intermetallic compound was detected. The minor amounts (0.2%)

of the other additional elements in alloy 1, namely Ti, Zr and V, are

also expected to be in solid solution.

An extrapolation of Al-Fe-Cr, 425'C, isotherm (Fig. 8 ) indicates

that there is no precipitation of Al7Cr phase in alloys containing less than

1.5 w/o Cr. Alloy 4, with 1.5 w/o Cr is on the threshold of precipitation.

3.3.- Phase identification

a-Al phase was identified according to ASTM card : 4-0787, the Al 3Fe

phase according to ASTM card 2-1213. There is a little information available

however regarding the Al 6Fe metastable phase. This phase is isomorphous with

the equilibrium phase Al6Mn [101 (ASTM card : 6-665, both phases are ortho-

rhombic): d-values and bragg angles were calculated for the Al6 Fe phase, and

Sahemes of X-ray diffraction of the alloys are shown in Figs: 9 and 10

with a reference graph of the phases according to ASTM cards and calculation.

The relative intensities in the X-ray diffraction schemes are normalized.

The relative quantities of the phases Al 3Fe and Al6Fe , as can be

roughly estimated from the X-ray intensities, are different in each alloy.

Alloy i contains a higher quantity of Al Fe and the other alloys contain a
3

larger amount of Al6Fe. The annealing procedure (100 hours at 452'C) lowers

the amount of Al 6Fe in all the alloys and the amount of Al 3Fe is increased.
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3.4. Optical Metallography

Optical micrographs of vertical and longitudinal sections of the four

alloys are shown in Fig. 11. A banded structure is observed along the

extrusion direction in alloys containing the elements Fe and Cr only

alloys - 2, 3, 4), Alloy 1, containing also Ti, V, Zr, presents a more

homogenic microstructure.

3.5. Microstructural investigation by transmission elecron microscopy (TEM).

j.5.1. The microstructure in the as-extruded conditions

The microstructure of the four alloys, in the as-extruded condition,

consists of equiaxed grains of o-Al matrix and of two kinds of precipitates.

rhese two kinds differ in shape as follows:

(a) Large, spheroidal precipitates: that tend to form along the o aluminum

grain boundaries.

(b) Smaller, needle-like precipitates.

Measurements of precipitate sizes were carried out on 10 micrographs from each

ailoy, and standard deviation calculated. (Table 1 and Fig. 12, a, b, c, d)

A tew areas, consisting of large grains, almost clean of precipitates were

dcte-,rd at the location of the large-precipitate groups. (Fig. 12, e, f).

]he needle-like precipitates distribution was found to be rather homogeneous

(Fig. 13) The regions, in all the four alloys, consisting of equiaxed

gfair3 were tound to contain mainly large precipitates (Fig. 14, a, b). The

smaller grains, however, contain a larger quantity of smaller precipitates

( ig. 13, d, e), Alloy 1, is distinguished from the other alloys by having a

mcre homogeneous precipitate distribution (Fig. 13, f, e): No distinct

grouping of precipitates was detected in this alloy and only few areas,

-ontalning large precipitates were detected. The TEM specimen thickness,

razessary for precipitation density measurements, was determined using thickness
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finges Twenty micrographs were used for each alloy for the density

meusurements. Mean and standard deviation were calculated and are presented

in fable i.

Grain size measurements were carried out on 10 micrographs of each

,,iov and the results are presented in Table 1.

Diffraction patterns of several orientations were obtained from the

large precipitates, which were identified as the metastable phase: Al 6Fe.

An example is presented on Fig. 14, =, b, c In order to determine

orientation relationships between the Al 6Fe phase precipitates and c-Al

matrix, a diffraction pattern containing the precipitate and c-Al matrix

reflections was taken and zone-axes of the two phases were identified. An

example of superimposed stereographic projections of the precipitate* and

matrix related to their zone-axis are shown on Fig. . No orientation

-clationships were found between the Al6Fe precipitate and matrix.

Diffraction patterns from the needle-like precipitates, identified as the

qjilibrium phase: O-AI3 Fe, is shown in Fig. 16, c, d, e, f.

3.5.2. The microstructure after annealing

Bright. field images reveal, in general, coarser structure after

100 soaking hours at 482'C (900'F). Precipitate grouping according to sie

inj shape exists, except for alloy #1 (l 6Fe precipitates) ThI-7, lcated at-

grain-boundaries, tend to be more spheroidal in shape than in the as-extruded

,truiture (Fig. 17 ) and there is an increase in precipitate-size

(see Table 2 ). The number of the larger precipitates increases and the

smill precipitates dissolve, thus more ares isolated of precipitates exist

(Fig. 17, e, f). There is also a slight increase in the size of the

Lhe stereographic projections were computer drawn according to a coaputer
programme programmed by Prof. I. Blech of the Dept. of Mat. Eng. at the
re .hnion
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O-Al3 Fe, needle-like precipitates (Fig. 16 a ) and among them there are

rather large ones (Fig. 16c ). There is also an increase in grain-size

(see Table 2 ) Fig, 17, c, , f. We have also observed that grains

containing small precipitates tend to grow less than those which are clean

from Al 3Fe precipitates.

Alloy #1 (AI-7Fe-I.OCr-0.2 (Ti, V, Zr) has a uniform grain-size

which matches the size of the larger grains in the other alloys (Table "

and Fig. 17f ). In this alloy most of the precipitates are of the Al Fe
3

type (needle-like in shape) and very few are of the spheroidal type

AI6 Fe (Fig. la ). A small portion of the needle-like precipitates are

coarsened due to the annealing treatment Fig. 18c These coarsened

precipitates seem to contain (according to bright-field images), planar faults,

running along the precipitate length or width. Streaks and satellites

appear in diffraction patterns taken from these precipitates. Fig. 1.8 b, c.

3.5.3. X-ray mapping

X-ray mapping was carried out on a specimen of alloy #2 (AI-7Fe-l.OCr),

after annealing (100 soaling hours at 482°C) for the elements: iron (Fe) and

,hromium (Cr.). A S.T.E.M image of the precipitates is shown in Fig. 18 .

It .an be clearly seen that most of the iron is concentrated in the

precipitates (Fig. 18 ), X-ray mapping immage for the chromium is not

very lear, but one can see that chromium, too, concentrates mostly in the

precipitate (Fig. 18 f ). In conclusion, the precipitates of metastable

phase, Al.6Fe and of the equilibrium phase, 0-Al Fe contain Fe and Cr, namecv
6 3

Al6 (Fe, Cr), A13 (Fe, Cr).
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3.5.4. Room temperature and elevated temperature ceisile properties

Room temperature and elevated temperature (232'C, 322'C) tensile

properties are presented in Figs. 19, 20, 21 respectively, for tensile

specimens of three alloys:

a. Alloy # 1 AI-7Fe-I.0 Cr-0.2 (Ti,V,Zr)

b. Alloy # 2 Al-7Fe-l.0 Cr

c. Alloy # 3 AI-7Fe-0.5 Cr,

In general, as expected, there is a decrease in strength with increase

in testing temperature. Alloy 1 has the highest yield and tensile strengths

at all test temperatures. Alloy 2 has a lower yield and UTS stresses but

is slightly better than alloy 3 (Table 3 ). The elongation to fracture dt

room temperature is almost identical in all the alloys. At 2320C (4500 F) the

elongation to fracture decreases in all the alloys. The greatest decrease

o3curs in alloy I and the smallest in alloy 2. At 332'C (630'F) the elongation

to frazture increases in alloys 1 and 2, but the elongation of allo 3 decreases

st ill further. The measurements of the reduction of area reflect the same

behavior. (See Table 3 ). At the elevated testing temperatures alloy 1

haz the lowest elongation to fracture and alloy 2 has the highest one.

2.5.5. Creep tests results

The dependence of the steady state creep rate on the load applied is

presented in Figs. (22) and (23). The stress sensitivity factor (the slope

-f the parallel lines is n=8 for T=222'C and n=ll for T=3380 C. The

a tivation energy can be estimated from these data, even though the number

(_f tests is limited, using the equation:

-R In (TL) - In (T2)

TI T2

The itivatioii energy of alloy L is Q'iu K.;almole.
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a, icfli

lh, temperature regime to which the alloy powders were exposed during

tc ,,,or,( t ion process have a great influence on the microstructure and thus ,

tie pr,prties Lbtained thereafter. The degassing process done at 482'C (900'F)

luriLg 5 h,,t.r. was followed by air cooling of the sealed cans. The extrusion

prJ. esz wa., preceded by the heating of the canned powders to 400'C (750'F) for

two hours, and during the extrusion process the temperatures are expected to

rise to about 482 C (900"F) in portions of the extrusion cross section.

hrs rather prolonged exposure to temperature causes the precipitation

i l tlh Al jtl e,(.r) ot the Al 6(Fe,Cr) in rather uncontrolled conditions. It is

.s-imed, threfore, that better properties can be obtained in a compaction

, tht will avoid the exposure to high temperatures. Controlled

Ah-ru., l rrtatment will then be employed to generate optimum precipitation

-1.,, and distribution. The technique that could be employed for cold compaction

oi tli 1) wd..r will bc discussed later on,

[he main characteristics of the alloys' microstructures were demonstrated

,, iore and c.an be sunumaixzed as follows:

,i Alt the alloys, except alloy #1 exhibit banded structure which consists

or elcngated bands of varying precipitate concentrations. This microstructure

is observed by optical microscopy and confirmed by transmission electron

MI :rOSCOpy. Alloy #1 is more homogeneous and no such bands could be detected

Ini it,

b. All the alloys have small grain size, of the order of I to 3 vim, and the

tw. kinds of precipitates are located in two typical sites. The Al6 (Fe,Cr)
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are found only along the grain boundaries. The Al6 (Fe,Cr) which are

generally globular in shape are rather larke (0.15"0.52 wm) and their main

contribution to the mechanical properties is in apparently the stabilization

of grain size, since the grains were found to grow very little after

prolonged annealing. The other kind of precipitates, namely tile Al3 (Fe,Cr)

:s distributed evenly within the grains, and contribute to the mechanical

properties by serving as incoherent dispersoids to block dislocation movement.

Fhese needle like precipitates are 0.1:0.3 im in length and have no distinct

orlt-ntation relationship with the aluminum matrix.

The iron which is a major constituent of the alloys is thus divided

hcLween the Lwo kinds of precipitates. Previous works [ii] [12 i 13] mention

that the stable Al 3Fe is retained following heat treatments while the Al 6Fe

is transformed, apparently to AI3Fe, in alloys that do not contain chromium.

The alloys, numbers 2,3,4 in our study, retain the Al 6(Fe,Cr) after exposure

ro temperatures within the range reported by other investigators [i] [12J [13]

Ih s ,an mean that the chromium additions stabilize the AI6 (Fe,Cr) at higher

".t npcr r a r s

Alloys #1 with the additives 0.2 T, 0.2 V, 0.2 Zr, contain, following

expu-,urk to temperature regimes as shown before, mainly precipitates of

type Al3 (Fe,Cr). The difference in composition between this alloy and alloy #2

.onily in these additives, while the other constituents are the same,

namely 7% Fe and 1% Cr. The fact that alloy #1 contain almost no Al6 (Fe,Cr) as

<oppused to alloy #2 whose microstructure contains, roughly, equal amounts of

Al3(jFe,C0) and Al6(Fe,Cr) means that one or some of the Ti, V, Zr additivcs

-ragluhzes the Al3 (Fe,Cr) phase, by neutralizing the effect of the chromium.

3i
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'he relative contributions of the Al(FeCr) and Al (CrFe) of the

alIlos can be evaluated as follows:

a. They both strengthen the alloys, Al6 (Fe,Cr) by preventing grain boundary

migration and AI3 (Fe,Cr) by serving as a dispersoid phase to impede dis-

location mobility within the grains.

b. 'The improved mechanical properties of alloy #l over alloy #2 (in fact

L lov #1 is better than all the other alloys at all test temperatures) may

mean that the contribution of the A13 (Fe,Cr) disperoids is more important

for improved mechanical properties than the AI6 (Fe,Cr) phase.

A comparison between the mechanical properties of the alloys under

investigation (no.1, 2 and 3) and those of several other alloys are given

in Table 4 . The alloys with which the comparison is made are 2219, 2618

which are commercial high temperature aluminum alloys, and ALCOA, AI-8Fe-l.5 Cr.

ALL three are designed to be high temperature alloys and high temperature

properties are available in the literature for them. At room temperatures,

u alloys ire inferior in their yield strength and in their UTS. They

do show, however, better ductility. At 232°C our alloys are comparable to

2'219 and 2618 in their tensile properties, and except for alloy #1 which at

t i temperature has elongation of about 14%, the ALCOA alloy AI-8Fe-I.5 Cr

;s by far better in its yield strength and UTS. Its ductility is however

verv low. At 332"C our alloys demonstrate better yield strength and UTS

than the 2219, 2618 and are comparable to the ALCOA alloy. They show

however higher ductility than the ALCOA alloy. The combination of good

tensile strength with relatively high ductility may indicate that the

lrtcture toughnes, of our alloys is rather high. Fracture toughness,

however, was not rested within the framework of this study.
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Other alloys, the composition of which is close to the composition

of our alloys are M-48 [ 2 ], Al-8Fe 114] [7], A1-7.6 Fe [ 2 ], Al-8Fe 14],

Al-85c-lZr [14]. We have not compared the properties of those to the

properties of our alloys since their high temperature properties were not

available to us.

5. Conclusions

1. Alloy #1 containing Ti, V, Zr has superior strength properties which

result from the refined microstructure and stability of fine dispersion of

the intermetallic particles Al3 (Fe,Cr) at elevated temperatures. On the other

hand ductility is inferior to our other alloys at elevated temperatures. In

case further development is to be made, we recommend the composition of alloy #l

as a starting point. Properties improvement may be carried out by composition

changes and by altering the processing conditions.

2. Composition changes, in order to improve alloy properties, can be done by

adding larger amounts of Ti, V, Zr. This is expected to increase strength.

Retention of ductility may be achieved by increasing chromium content.

3. An alteration of the processing conditions should be based on the limiting

of the exposure time to high temperatures. There are several ways of

onsolidation that can be done at lower temperatures, i.e. cold sintering,

explosive compaction and hydrostatic extrusion. Once consolidation is done at

a relatively low temperature, heat treatments could be tried to obtain

controlled precipitation.
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Appendix A

Iransmission Electron Microscopy of Metallic Powders

The powders generated for this study were studied by transmission

electron microscopy. There is a special interest in the technique used for

the toil preparation since it is unique in the results it produces. The

te.-hnique was developed by D. Shechtman and E. Gutmanas of the dept. of

material, eng. at the Technion, and was tested on alloy powders of different I
kinds (aluminum, titanium, copper, iron, nickel and some of their alloys).

Although the technique did not work for every alloy powder tried, it was

found proper for the making of TEM foils of most of the alloys tested

including the ones in this study.

The techniques of TEM foil preparation known before included the

embedment of the powder particles in plastic resin and subsequent slicing by

a microtome, Another technique used is the embedment of the particles in

an electrolitically deposited nickel foil followed by electropolishing or ion

milling of the .omposite thus formed E15]1[Ib] All these techniques result

ia only partially satisfying results. The techniques that will be reported

here is based on the cold compaction [19](20] of the powders and subsequent

Lo, -tr)polishing of the compact.

S-tnple Preparation

Samples were compacted and cold sintered from powder in a piston and

Ntinder apparatus manufactured from sintered carbides. Specimens' ,lii. wc-;

1 mm ind working pressures, P, up to 4.0 GPA (: 40 kbar). A schematic

driwing of the presstirt, cell is shown in Fig. Al. Samples with thickness

v'rvng from 0 I to 0.25 rmm prepared in such a pressure cell, were

I, 4nd strong enough for handling and for final preparation of thin foils
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tor T11 observations. The quality of the cold sintered samples (density

and mechanical strength) depends on the pressure applied and the type of

the powder, being higher for powders with high compressibility and

irregular shape such as pure Al and pure Ti powders. The minimum pressure

needed for sample preparation was about 1.5 GPa for pure Al, ' 2.0 GPa and

rot A1-7Fe-1Cr powder. Usually samples were prepared at P = 3.0 GPa. Samples

prepared at P up to 4.0 GPa from rapidly solidified titanium aluminide

powders - were not strong enough for handling. In this case mixture of

rhese powders with pure Al or pure Ti matrix were prepared. The compaction

oL powders was performed in an Instron testing machine using low cross-head

speeds (S . 10-5 m/min) on the final stage of compaction. Teflon spray was

used for lubrication of the die walls.

Eiectropolishing

The electropolishing of the ,ompacted disc can be done in any

,,nventional way. Jet polishing produces good results except when two

S ire mixed, in which case ion milling can be employed. During the

,:'..ropolishing process, some care is needed in the handling of the somewhat

brittle c)mpacted discs. In most of our experiments, electropolishing was

cict tn 3 two stage process. First, the disc was thinned down by a jet

I'r~lyte at a voltage of 100 volts at room temperature. When a

ri'kness of less than 50 jim was achieved, the foil was further thinned

by the window technique, at a low temperature of -400C, until perforation.

1he -iectrclyte used in both stages is the same reported for the preparation

';f toils from the bulk.

keu its

Reportod here are the main results of the study of the alloy

Al-7Fc-lCr, A leol 120 CX STEM was used and rhe techniques used were
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standard contrast analvsis, electron diffraction and X-ray analysis.

The rapidly :ooled powder particles exhibit a solidification mechanism

that starts, in most cases in one nucleus, near the center of the particle

(Fig A2). The cellular structure is fine in the center, representing a fast

lidifi.cation rate, and coarser at the circumference of the particle,

indicating a sIcwer rate. There is a rather sharp transition zone between

t:LL two are_, . When the section of a particle is near its surface, many

'U_!fitan .eurters are observed (rosettes). These, however, grow only very

I:t . ,imil rather slow, as can be learned by the large cell size (Fig. A3).

: rr prticles are single crystals in most cases, except for the

S. I r(,Settes which represent a very small volume of the particle.

' in pattern from the particle shows not only a single crystal

: tt~~ b it uslco a set of rings (Fig.A! ). These rings diffract, as can be

t WI dark field image taken with a section of the inner ring, from

boundaries (Fig. A5). An X-ray image of the iron element verified

the ell boundaries are rich in iron (Fig. AS). These results indicate

Si iitiwtion mechanism of the Al-Fe-Cr alloy powders is

i ,it 1 3t. tht :enter of the particle with a very high solidification rate.

A> tht o1t-r pait cf the particle the process is non adiabatic. After

ca hlng a tertain degree of undercooling AT the two solidification mechanisms

-tirt, at the adiabatic stage. The very rapid solidification rate at this

sitagLe it manifested by a temperature rise which is absorbed by the under-

uColed aluminum This stage termin,tes when the partially solidified

driplet reaches the melting point (or the pseudo eutectic temperature). The

under.ooLing %alue AT can be derived from the expresion

ml MCLT
3

L r
Or . (-r)

C R
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t. r, m i the m11 s's (I the -zolidit ied core

M is the entire mass of the particle

C - the specific heat

r - the radius Of the inner adiabatically solidified core

R - the radius of the droplet

For r/R - 0.6 (as it is in the particle that is shown in Fig. ) we

get..I =T 90=C. This is a reasonable value for the undercooling of this system.

I'ht non-adiabaric soliditication stage starts when the temperature of the

dtoplet reaches the melting point again. At this stage the latent heat of

fusion is removed by convection. The freezing time for the outer portion of

tht droplet is given by

(m-n) L = hA (T-To) t

[ 1-(R) ]LR
or t 3 6 x 10- 4 see.

5a 3h (Ts-T0 )

where : L is the latent heat of fusion

F - surface temperature (the melting point)s

T - the surrounding temperature (room temperature)O

t - the time for freezing (the non adiabatic stage).

Assuming that the adiabatic growth rate is limited to the sound

,clocity, we get that adiabatic stage may terminate after 3 x 10 - 9 sec,

whL,-h is a tew orders of magnitude shorter than the solidification time for

the rest of the material.
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Heat balan.e

The flow around the particles

The following analysis for the RSR (PcWA) Process assumes the geometrical

parameters as presented in Fig.

m

,it 250C00 RPM

Fig. (A)

The maximum linear velocity of the particles is given by

27rrn 04 cm
Vo = r =- r = 2.10 -

60 sec

A more practical figure, for a droplet which strikes the disc at half distance

is oo 0 S The resistance to this movement depends on the character

f the flow. Defining Reynolds number Re for this flow as

Re = Vo Ds Pg
;g

where Pg Is the density of the argon gas and jig its viscosity

K 1) 5 is the diameter of the spheroid particle.

For a particle with Rs = 25 lim at the beginning of its flight we get

Ro =215.
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Heat flow

The heat transfer from a sphere to a flowing gas can be calculated

as follows [211.

hDs = 0.37 Re0 .6

kg

for 17 > Re > 70,000

when kg is the gas heat conductivity.

Using the Reynolds number obtained before we get

h - 2500 [F ft- 2 h-1 1F-1]

Other calculations show that the radiation loss can be neglected.

The time dependence of temperature distribution in a conductive spheroidal

body subjected to conductive heat flow is a well known problem and its solution
kS

presented by Heisler charts 1221. When the parameter - > 100 (k being the
S

thermal conductivity of the spheroid), the spheroid may be treated as a body
Kb=

with uniform temperature. In our case hRS 266 and thus uniform temperature

rilrough the volume of the sphere during cooling is assumed.

The time dependence of a uniform temperature body, cooled by heat

convection is

hAs

T - Tf psCsVs

Ti -Tf

when As is the area of the spheroid, ps its density, Cs its specific heat

and Vs its volume,

T is the spheroid temperature at time t, Ti its initial temperature

,ind Tf its final temperature.

The time needed for obtaininganundercooling of about 100C

(T = 560'C) and assuming Tf = 20'"C Ti = 1000'C) is t = 10- 3 sec.
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1)I ubs lon

Our observations and the above mentioned considerations led us to

the conclusion that the solidification of the Al-Fe-Cr powders may be

divided into two stages,namely adiabatic and non-adiabatic. In the first

stage, which is very fast, we assume no heat flow outside the particle.

Since the heat mobility inside the particle is much faster than the

heat flow through the surface; the surface is not cooler thaii any other

point in the bulk of the droplet. The solid crystalline nucleus that

starts to grow, transfers its latent heat to the bulk of the droplet and

raises its temperature. We shall consider now two cases: the first, in

which the nucleus is at the interior of the dtoplet and the second in

whi,.h the nucleus is near the surface. In the first case the nucleus

sees a large cold body with excellent heat mobility, which enables fast

heat removal and therefore rapid solidification rate. In the second case,

when solidification starts at the outer layer of the droplet. heat removal

is slower since part of it is limited by the heat mobility into the

S.rrunding gas.

Since there is a great advantage to a solid particle nucleating at the

interior and since the adiabatic part of solidification is very rapid,

it results in a powder particle which is mostly single crystal and in

addition small crystals at the surface that cease to grow when the outcoming

solidification front reaches them.

Summary

The powder parti, le3 contain two regions, core and periphery.

2. the r.gion. are formed by two successive stages adiabatic and

non-ad ib.t lc .

... .I I ,-, ' - _ . " -- .. . .-. ,, , --.- - .. .
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3. The core is formed by rapid freezing, and the latent heat does not

leave the particle (because of poor heat transfer to the surrounding

gas). Instead, it raises the temperature of the whole particle.

4. The periphery, which comprises about 80 per cent of the volume of

the droplet, solidifies slowly, at a temperature near the melting

point, and heat removal is done by convection.

5. The temperature inside the droplet is uniform throughout the bulk

and there is an heterogenous nucleation that starts at the interior,

and has the advantage of fast adiabatic solidification rate.
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Table 4: Tensile properties of the alloys under study, and of other elevated

temperature aluminum alloys.

Alloy #1 #2 #3 2219 2618 Al-8.5-1.5Cr
T851 T851 ALCOA [1)Temp [ C I

UTS [MPa] 312.5 262.5 255.7 455 441 562

Yield [MPa) 25 215.2 190.5 150.8 345 372 500

Elongation [%] 22.7 22.7 23.7 12 10 j

UTS [MPaj 220.5 186.5 177.7 221 193 401

Yield [MPa] 232 191.6 154.8 132 186 179 374

Elongation [%] 13.9 19.9 18.9 21 28 3

UTS [MPaI 163.6 122.8 118.75 65 45 184

Yield [MPa] 332 147.1 97.4 86.8 54 33 163

Elongation [%] 15.5 20.4 17.15 - - 7
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